Abstract-In a cognitive relay system, the secondary user is permitted to transmit data via a relay when licensed frequency bands are detected to be free. Previous studies mainly focus on reducing or limiting the interference of the secondary transmission to the primary users. On the other hand, however, the primary user traffic also affects the data transmission performance of the secondary users. In this paper, we mainly investigate the impact of the primary user traffic on the bit error rate (BER) of the secondary transmission, when the secondary user adopts adaptive transmission with a partially selected relay. In addition, the average collision time and the average collision probability have been used to measure the interference level caused by the secondary transmission to the primary users. Based on some selected numerical results, we can see that the primary user traffic seriously degrades the average BER. The worselink partial selection can perform almost as well as the global selection when the channel conditions of the source-relay links and the relay-destination links are quite different. Although the relay selection improves the spectral efficiency of the secondary transmission, numerical results show that it only has slight impact on the overall average BER, which implies that the robustness of the system will not be affected by the relay selection.
I. INTRODUCTION

D
UE to the dramatic growth of wireless services over the last decades, cognitive radio has been proposed as a revolutionary technology to solve the conflict between spectrum scarcity and spectrum under-utilization [1] . When the licensed bands in the spectrum are detected to be unoccupied, the secondary users could utilize these free bands to perform their own transmission. In a multiuser environment, each secondary user has a chance to be chosen by the base station to transmit data over the free bands. The selected secondary user, however, may unfortunately suffer from severe fading or shadowing. In this case, any other secondary user with better channel conditions may act as a relay for data transmission.
There are mainly two kinds of methods for relaying: amplify-and-forward (AF) and decode-and-forward (DF) methods. In the AF method, the relay receives the signals from the transmitter, and then simply amplifies the signals and re-transmits them. In the DF method, the relay first decodes the received signals and then re-encodes and transmits them [2] . The authors in [3] studied the outage probability of the cognitive relay networks, in which the secondary users cooperate based on the underlay approach with limited interference constraints on the primary users. In [4] , the authors proposed a new cooperative transmission scheme for cognitive radio networks where a relay node is able to help both the primary and secondary transmissions. In the secondary network, the relay is acted by the secondary user. To simplify the implementation and decrease the complexity of relaying, the secondary user adopts the AF method to help the transmission of other secondary users in an interweave system. In a multiuser environment, the secondary user with the best channel condition is typically selected to act as a relay assisting the secondary transmission. The relay selection may be partial or global. For the global selection [5, 6] , it requires the channel state information (CSI) of both hops, which needs continuous CSI feedback or exchange of all the links of the network and therefore results in high power consumption as well as high complexity. In addition, the distributed global selection [5] is time sensitive and requires perfect time synchronization among the relay nodes, which is crucial to practical systems. The partial selection [7, 8] , on the other hand, chooses the relay with the best first-hop or the best second-hop channel conditions, and is as such easy to implement and extend. It only requires one hop information, which saves a large amount of CSI feedback or exchange of the links. By monitoring only one-hop rather than two-hop connectivity among the nodes, partial selection can prolong the network lifetime, which makes it applicable in ad-hoc and sensor networks [9, 10] . As the secondary user network is highly dynamic, we adopt in this paper partial selection rather than global selection to choose the best relay according to the instantaneous SNR of the relay link, keeping in mind that 1536-1276/13$31.00 c 2013 IEEE in this case the network can be easily extended when the secondary users randomly come or leave. In addition, once the free bands have been detected, the primary user status may change at any time, so the relay selection needs to be as fast as possible. Moreover, the partial selection scheme yields low complexity and low time delay as it only requires one hop information, and it is therefore more suitable for our system.
Adaptive modulation [11] is an effective method widely used to increase the link spectral efficiency. When the channel state information can be estimated and this estimation can be sent back to the transmitter, the transmitting rate and power can be adapted according to the channel characteristics to achieve higher throughput. With adaptive modulation, the secondary user could transmit with more flexibility and higher efficiency. One problem under this framework is that the primary user may randomly come or leave during the transmission period of the secondary users. This will certainly affect the performance of adaptive modulation due to the mismatch between the estimated and actual channel conditions. As the parameters for adaptive modulation are chosen before the transmission, the primary traffic will not affect the link spectral efficiency 1 , but has an impact on the bit error rate (BER). Previous investigations focused on how to reduce or limit the interference to the primary transmission caused by the secondary users [12] [13] [14] , or the cooperation of the primary users and secondary users to achieve double wins [15] . In this paper, we mainly study the effects of the primary user traffic on the BER of adaptive transmission of the secondary user in a cognitive relay system with partial relay selection. The rest of the paper is organized as follows. In Section II, we introduce the basic assumptions and models for adaptive cognitive transmission with the best relay chosen based on partial selection. Then in Section III, the case of direct link transmission is examined. In Section IV, different scenarios of the primary user status change for the adaptive data transmission with a relay are analyzed and the average BERs for these possible scenarios are presented. In Section V, we introduce two metrics, the average collision time (ACT) and the average collision probability (ACP), to measure the interference level of the secondary transmission to the primary user. The analysis is based on the scenarios in Section III and Section IV. Finally, Section VI shows the numerical results and the conclusions are drawn in Section VII.
II. SYSTEM MODEL
In a cognitive radio network, the data transmission can be performed on a frame-by-frame basis. Before the data transmission, spectrum sensing is operated to detect free spectrum holes, and we assume that the false alarm probability and the miss detection probability are given by P fa = P r{H 1 |H 0 } and P md = P r{H 0 |H 1 }, where H 0 and H 1 denote the absence and presence of the primary user, respectively. If the primary user is detected to be absent, one of the secondary users is selected to use the free bands for adaptive transmission.
If the channel conditions are good enough, the selected secondary user can transmit via a direct link between the source and the destination. Under severe fading and shadowing, however, it may not be appropriate to transmit via the direct link but with a relay. In an environment with multiple relays available, the best relay can be chosen to assist the secondary transmission, and we can use the partial selection scheme to choose the best relay.
We denote γ 1,j and γ 2,j as the SNRs for the channel between the source and the j th relay (the j th SR link), and for the channel between the j th relay and the destination (the j th RD link), respectively. The partial relay selection scheme is based either on the first hop (the SR link) or the second hop (the RD link). For the SR link based selection, the relay with the largest SR link SNR is chosen as the best, i.e. k = arg max{γ 1,j , j = 1, 2, · · · , N}. where N is the number of available relays. For the RD link based selection, the best relay is chosen as the one with the largest RD link SNR by k = arg max{γ 2,j , j = 1, 2, · · · , N}.
For both partial selection schemes, the instantaneous SNR of the SR link and the RD link for the best relay are γ 1,k (denoted as γ 1 ) and γ 2,k (denoted as γ 2 ). By properly choosing the relay gain, the end-to-end SNR for the source-relaydestination link is given and approximated by γ1γ2 1+γ1+γ2 ≈ γ1γ2 γ1+γ2 [16] . Since the theoretic analysis for the SR link based selection and the RD link based selection are almost the same, we focus on the SR based selection in the analysis, and compare these two selection schemes by numerical examples.
Given a threshold γ th , we transmit via the direct link only when the instantaneous SNR of the direct link (denoted as γ 0 ) is larger than γ th . Otherwise, the relay chosen by partial selection is used to assist the data transmission in the multirelay environment, and the direct link is not combined with the relay link. In this way, the end-to-end SNR for the best link including both the direct link and relay link yields
Assuming perfect estimation of channel conditions and reliable feedback link, we adopt adaptive modulation for the data transmission of the secondary user. With constant power allocation and uncoded M-ary quadrature amplitude modulation (M-QAM), the BER can be well approximated by [11] 
.
When the target operation BER is maintained at BER 0 , the constellation size M is adjusted according to the instantaneous end-to-end SNR γ c by
where K 0 = −log(5BER 0 ). Generally, the constellation size M is often restricted to integer values. The continuous rate means that the number of bits per symbol is also continuous, which is possible for M-QAM [17] .
We also assume that the primary user traffic follows an independent and identically distributed ( i.i.d.) on-off process, and "0" and "1" represent the cases when the licensed channel is free and occupied, respectively. For each case, the holding time is assumed to be exponential distributed with mean λ for "0" and μ for "1". So the status transition probability matrix is given by [18] 2 . Notations: For the convenience, we list some the symbols to avoid confusion.
• γ 1,j and γ 2,j : the instantaneous SNR for the SR link and RD link of the j th relay;
• γ 1,k and γ 2,k : the instantaneous SNR for the SR link and RD link of the best relay, and they are denoted as γ 1 and γ 2 , i.e. γ 1 = γ 1,k and γ 2 = γ 2,k ; • γ 0 and γ th : the instantaneous SNR of the direct link, and the SNR threshold that the secondary user transmit via the direct link only when γ 0 is larger than it; • γ c : the end-to-end SNR for the best link including both the relay link and the direct link; • γ p0 , γ p1 and γ p2 : the SNR of primary user over the direct link, the SR links and the RD links, respectively.
III. DIRECT LINK TRANSMISSION Before the data transmission, the secondary user estimates the channel conditions of the direct link. If the direct link is good enough, the secondary user transmits data via the direct link. We assume that the direct link channel is subject to Nakagami fading, such that the probability density function (PDF) for γ 0 is given by [19] 
whereγ 0 and m 0 are the first-order moment and Nakagami parameter for γ 0 . The secondary user transmits via the direct link only when γ 0 > γ th , the probability of which is given by
where Γ(·) is the complete gamma function, and Γ(·, ·) is the upper incomplete gamma function.
The secondary user begins the adaptive data transmission when the primary user is absent, and the constellation size M 0 is chosen according to (2) with γ c = γ 0 . Unfortunately, the primary user may come back at any time during the data transmission period, and after that, the instantaneous SNR will change to γ 0 = γ0 1+γp 0 3 , where γ p0 is the SNR of the primary user signal. In this way, the instantaneous operating BER changes to
We suppose that the primary user comes back at the k th 0 (k 0 = 1, 2, · · · , Q) symbol, and the probability for this case is given by
and the average BER over the whole transmission period can be derived as
(6) If the primary user does not appear during the secondary transmission at all, the average BER will stay BER f (0) = BER 0 , and the probability for this situation is
The secondary user may also begin the data transmission when the primary user is present but a miss detection happened. In this case, the instantaneous SNR is γ 0 = γ0 1+γp 0 , and the constellation size M 0 is chosen according to (2) with this new SNR γ 0 to maintain the operating BER 0 as
After the primary user leaves at the k th 0 symbol, the instantaneous SNR γ c then returns to γ 0 . The instantaneous operating BER, however, will change with the new constellation size
The probability for the primary user's leaving at the k
and the average BER over the whole transmission period is given by
(8) If the primary user does not leave during the secondary transmission, the average BER will still be BER b(0) = BER 0 , and the probability for this situation is
When there is no primary user at the beginning, the secondary user is allowed to transmit only if the free spectrum bands are detected, the probability of which is 1−P fa . On the 3 Suppose the transmitting power of the primary user and secondary user are E 1 and E 2 , and the noise power is N 0 , so that the secondary user SNR γ 0 = E 2 /N 0 and the primary user SNR γp = E 1 /N 0 . For the secondary transmission, the primary user traffic is regarded as noise, so the SNR for the secondary user with primary user traffic is γ 0 =
. other hand, the secondary user can transmit with primary user present only if the miss detection happens, the probability of which yields P md . So considering all the cases that the primary user may be present or absent at the beginning, and k 0 may be any number from 1 to K, we can have the average BER for the direct link transmission as
where BER f (k0) and BER b(k0) are given in (6) and (8), respectively.
IV. RELAY ASSISTED TRANSMISSION
When the direct link is not working (γ 0 < γ th ), the secondary user selects a relay to assist the transmission to achieve better performance. Similar to the direct link transmission, the initial status of the primary user for the relay transmission also consists of absence and presence. But with relay for the secondary transmission, the primary user may change its status either during the SR link or the RD link, or during both links during one secondary transmission.
A. Channel Statistics
We assume that the channels for all the SR links and the RD links are subject to independent but not identically distributed (i.n.i.d.) Nakagami fading, so that the PDF for the
whereγ i,j and m i,j are the first-order moment and Nakagami parameter for γ i,j .
Suppose that the best relay is chosen based on the SR link partial selection, so the PDF of the RD link SNR γ 2 for the best carrier is still (10) with i = 2 and j = k, where k is the index of the best relay, and the PDF of the SR link SNR γ 1 is given by [20] 
is the sum over all possible S, and L is the sum defined by
In (11), the parameters l s , E S and C S,L are given by
When S = φ is an empty set, we have l S = 0, E S = 0 and C S,L = 1. a and b (a = b) , we define the random variable Z(a, b) as
For any real-positive values of
Given γ 1 subject to (11) and γ 2 subject to (10) with parameter (m 2,k , γ 2,k ), the moment generating function (MGF) of Z(a, b) is given by (13) , and Ψ z (n, w, α, β) given by (14) , which are both listed on the top of the next page. The (14) is the Humbert series [21, Chapter 9.26]. Especially, when the number of available relays is just N = 1, the partial selection simplifies to the fixed relay problem. In this case, there is no relay selection, and γ 1 and γ 2 are Gamma-distributed with (m i ,γ i ), i = 1, 2. The MGF of the random variable Z = 
B. Situations with the Primary User Initially Absent 1) Status Changing:
Without the presence of the primary user at the beginning, the constellation size for the adaptive transmission is chosen from (2) , and the end-to-end SNR is given by γ c1 = γ1γ2 γ1+γ2 . In this case, the primary user may comes in the SR link, or in the RD link, or comes in the SR link and leaves in the RD link. If the primary user arrives in the SR link, then the secondary user suffers from the primary user traffic after its arrival, and the SR link SNR changes from
, where γ p1 is the primary user traffic present over the SR link. In this case, the end-to-end SNR is thus given by
and the instantaneous operating BER yields
so the BER with primary user traffic in the SR link is thus given by
where f 1 (z) is used to denote the PDF of the random variable
If the primary user is present over some time of the RD link, however, the RD link SNR during these periods may change from γ 2 to γ 2 = γ2 1+γp 2
, where γ p2 is the primary user traffic present over the RD link. and the end-to-end link SNR is then given by
Similarly, the instantaneous operating BER in this case yields
Then the BER when there is primary user traffic in the RD link is thus given by
where f 2 (z) is used to denote the PDF of Z 1,
2) Primary User Arrives in SR link:
In this case, there is no primary-user traffic at the beginning. The primary user comes at the k th 1 (k 1 = 1, 2, · · · , Q) symbol in the SR link, and keeps its presence in the whole RD link. The probability for this case is given by
The whole source-relay-destination link can be divided into three periods:
• 0 ∼ k th 1 symbols in the SR link: There is no primary user traffic during this period, and the instantaneous SNR is γ c1 = γ1γ2 γ1+γ2 , and the operating BER is BER 0 ; • k th 1 ∼ Q symbols in the SR link: The primary user traffic is present over this period, and the instantaneous SNR is γ A in (16) , and the operating BER is BER 1 in (17);
• the RD link: The primary user is present over the whole RD link so that the instantaneous SNR is γ B in (18) , and the operating BER is BER 2 in (19); The average BER for all the periods with primary user arriving in SR link is the BER of each period weighted by the time that each period lasts 
Similarly, the whole source-relay-destination link can be divided into two periods:
• the SR link and 0 ∼ k th 2 symbols in the RD link: With no primary user traffic, the instantaneous SNR is γ c1 = γ1γ2 γ1+γ2 , and the operating BER is BER 0 ; • k th 2 ∼ Q symbols in the RD link : After the primary user arrives, the instantaneous SNR changes to γ B in (18) , and the operating BER changes to BER 2 in (19);
In this case, the average BER for the whole period is thus given by
(23)
4) Primary User Arrives in SR link and Leaves in RD link:
If the primary arrives at the k th 1 (k 1 = 1, 2, · · · , Q) symbol in the SR link but leaves at the k th 2 (k 2 = 1, 2, · · · , Q) symbol in the RD link, the probability yields
The whole source-relay-destination link is then divided into three periods: The average BER for the whole source-relay-destination link period is given by . The end-to-end link SNR then yields
C. Situations with the Primary User Initially Present
In this case, the secondary user is allowed to transmit only when a miss detection happens for the spectrum sensing. Under the assumption of miss detection, the constellation size for secondary transmission is thus chosen to maintain the operating BER unchanged as M = 1 + 3γc 2
2K0
. The primary user in this case may leave in the SR link or the RD link, or leaves in the SR link but comes back in the RD link.
When the primary user leaves in the SR link, the instantaneous SNR for the SR link will change back to γ 1 , and the end-to-end SNR becomes γ B . In this case, the instantaneous BER yields BER(γ B , M ) =
The BER without primary user traffic in the SR link is thus given by
where f 3 (z) is used to denote the PDF of Z
When the primary user leaves in the RD link, the instantaneous SNR for the RD link will change back to γ 2 , and the end-to-end SNR becomes γ A . Then we have
Similarly, the BER without primary user traffic in the RD link yields
where f 4 (z) is used to denote the PDF of Z
2) Primary User Leaves in SR link:
At the beginning, the primary user is present over the SR link, but it leaves at the k th 1 (k 1 = 1, 2, · · · , Q) symbol and keeps absent over the RD link. The probability of this case should be
Similar to the first case, the status of the SD period can also be divided into three periods:
• 0 ∼ k th 1 symbols in the SR link: The primary user traffic is present in this period, and the instantaneous SNR is γ c2 , and the operating BER are both BER 0 ; • k th 1 ∼ Q symbols in the SR link: After the primary user leaves, the instantaneous SNR becomes γ B in (18) , and the operating BER is BER 3 in (26);
• the RD link: Without the primary user traffic in the whole RD link, the instantaneous SNR is γ A in (16) , and the operating BER is BER 4 in (27); Thus the average BER for all the periods is given by
3) Primary User Leaves in RD link:
If the primary user is present in the whole SR link and leaves at the k th 2 (k 2 = 1, 2, · · · , Q) symbol in the RD link, the probability of its happening yields
The status of the two divided periods are:
• the whole SR link and 0 ∼ k th 2 symbols in the RD link: With the primary user traffic, the instantaneous SNR is γ c2 , and the operating BER is also BER 0 ; • k th 2 ∼ Q symbols in the RD link: After the primary user leaves, the instantaneous SNR changes to γ A in (16) , and the operating BER is BER 4 in (27); The the average BER of the whole period can be written as
4) Primary User Leaves in SR link and Arrives in RD link:
In this case, the primary user leaves at the k th 1 (k 1 = 1, 2, · · · , Q) symbol in the SR link, and after a short break, it returns at the k th 2 (k 2 = 1, 2, · · · , Q) symbol in the RD link. The probability this case happens is given as
The status of the whole time can be divided into three periods as:
• the 0 ∼ k th 1 symbols in the SR link and the k th 2 ∼ Q symbols in the RD link: During these time, the instantaneous SNR is γ c2 , and the operating BER is BER 0 ; • the k th 1 ∼ Q symbols in the SR link: After the primary user's leave, the instantaneous SNR becomes γ B in (18) , and the operating BER becomes BER 3 in (26);
• the 0 ∼ k th 2 symbols in the RD link: After the primary user's return, the instantaneous SNR changes to γ A in (16) , and the average BER changes to BER 4 in (27); and the average BER for the whole link can be written as
D. Average BER for the relay assisted transmission
As the same as the direct link transmission, the average BER will keep at BER 0 if the primary user does not change its status during the secondary transmission, while the probability is P ab = p f p 2Q 00 for the initially absent primary user and P pr = p b p 2Q 11 for the initially present primary user. Considering all the cases of spectrum bands detected and missing detection, of the six scenarios given in the above subsections, and of all the possible k 1 and k 2 , the average BER for relay assisted transmission is thus given by
where BER ab and BER pr are given by
V. PRIMARY USER CONSIDERATIONS
In the cognitive radio framework, the primary user has the priority to transmit, and the secondary user must give way to the primary transmission. However, the interference from the secondary transmission to the primary user is inevitable as the spectrum sensing is never perfect. In this section, the ACT and the ACP are introduced to measure the interference level of the secondary transmission to the primary user.
In our model, the collision happens when the primary user comes back during the secondary transmission, or when the secondary user begins to transmit with a miss detection. The collision probability is defined as the probability that the primary user and the secondary user collide in one frame. For the direct link transmission, we have two situations just as discussed in Section III, and the resulting ACP is given by
(35) As the data transmission in our model is frame based, the primary user and the secondary user may conflict in one frame, but not over the whole period of this frame. The collision time is defined as the portion of the transmission time when the primary user and secondary user transmit simultaneously in current frame over the whole period of this frame. The ACT for the direct link transmission is given by
For the relay transmission, the primary user may be absent or present when the secondary user begins to transmit, and we again divide the analysis into six cases as in Section IV. For the former situation that the primary user is initially absent, the collision time is the total number of collided symbols in the SR link and RD link over the frame length 2Q, which is given by
If the primary user is initially present, on the other hand, the collision time is given by
Consider that the primary user may also not change its status during the whole secondary transmission, then the collision happens over the whole frame period for the situation of the primary user initially present, while no collision exists if the primary user is initially absent. Accordingly, the ACT for the relay transmission is given by
where
11 . The ACP for the relay link transmission can be similarly obtained as
where P r1 and P r2 are given by
VI. NUMERICAL RESULTS
In this section, the false alarm and miss detection probability are set as P fa = 0.1 and P md = 0.1. The number of symbols per secondary frame contains is chosen as Q = 20. The operating BER for the adaptive modulation is chosen as BER 0 = 10 −6 . For simplicity of the simulation, we choose identical primary user SNR over the SR link, the RD link and the direct link, i.e. γ p0 = γ p1 = γ p2 = γ p .
In Fig. 1, Fig. 2 and Fig. 3 , four relay selection schemes, including the SR selection, the RD selection, the global selection and the random selection (randomly select a relay to assist transmission), are investigated for their impact on the average BER and the spectral efficiency. The channels for all SR links and all RD links are assumed to be i.i.d. separately with the identical average SNRγ 1 andγ 2 , i.e.γ 1j =γ 1 and γ 2j =γ 2 for all j = 1, 2, · · · , N. The SNR of the primary user traffic is set as γ p = 10dB. Since we focus on the impact of relay selection, the direct link transmission is ignored in these three figures.
In Fig. 1 , we setγ 1 = 5 dB andγ 2 = 20 dB so that channel conditions of the RD links are much better than that of the SR links. The simulation results show that the SR selection and the global selection almost have the same effects such that they both improve the spectral efficiency considerably and decrease the BER r . The RD selection has little impact on both the spectral efficiency and BER r , and its performance is close to the random selection. In Fig. 2 ,γ 1 = 20 dB andγ 2 = 5 dB so that the SR links have much better channel conditions. The results just show the effects of relay selection are opposite to the the results in Fig. 1. In Fig. 3 , we setγ 1 =γ 2 = 10 dB. In this case, the BER r changes little as the number of user increases, while the global selection outperforms both the SR selection and RD selection on spectral efficiency.
In all these three figures, we can see that the BER r remains almost within the same order of magnitude, no matter how the relay is selected and how many relays are available. When the channel conditions of the SR links and RD links differ a lot, the worse-link selection achieves almost the same performance as the global selection, and the better-link selection approaches the random selection. When the channel conditions for the SR links and RD links are close, on the other hand, the global selection obviously outperforms the partial selection schemes.
Keep in mind that our initial data transmission scheme in (1) that the direct link is used only when γ 0 > γ th , so the over-all average BER is given by where P out is given in (4). In the following figures, we include the direct link to evaluate the overall average BER, and the average SNR and threshold for the direct link are chosen as γ 0 = 5 dB andγ th = 10 dB with m 0 = 4.
In Fig. 4 , the impact of the primary user traffic on the BER is studied for the SR selection, the RD selection and the global selection with different pairs of (γ 1 ,γ 2 ). The number of users available for selection is N = 5. This figure shows that the primary user traffic degrades the average BER greatly. The performance of the worse-link selection approaches that of the global selection when the SR links and RD links have significantly different channel conditions, as we can see in the second and third subfigure. For the cases of the same average SNR as in the first and forth subfigure, the SR selection has larger BER and the RD selection has smaller BER than the global selection, even though the difference is very small. In addition, the BER goes to the magnitude of 10 −2 under the high SNR of primary user traffic with the BER 0 = 10 −6 , and the secondary transmission under this circumstance is seriously jeopardized.
In Fig. 5 , we compare the SR selection, the RD selection and the global selection for different values of the average SNRs. The number of users available for selection is also set to be N = 5. In the upper subfigure, theγ 2 is fixed at 10 dB and we varyγ 1 for different values. In the lower subfigure, we do the opposite to fixγ 1 at 10 dB and varyγ 2 .
Comparing the two subfigures, we see that the BER increases as we rise the average SNR of the SR link or decrease the average SNR of the RD link. Reconsider the two situations of the initial absence and presence of the primary user, in the latter situation the instantaneous BER is far less than that of the former one, since the leave of the primary user will significantly reduce the instantaneous BER, while the arrive of the primary user greatly increase it. So the situation with the primary user initially absent plays a far more important role in determining the BER. In the former situation, the RD links are more likely to be affected by the primary user traffic, which means that the average BER is more susceptible and negatively correlated to
is monotonically increasing with γ 2 , so increasingγ 2 will decrease the BER ultimately, as we see in the lower subfigures. Considering that the BER is related only to the relative SNR γ1+aγ2 γ1+bγ2 , but not to the single SNR γ 1 or γ 2 , it is not surprising to see that increasingγ 1 and decreasingγ 2 have the same effects. By comparing different selection schemes, we see that the SR selection always has greater and the RD selection always has less average BER than the global selection under the same channel conditions. That is because that the partial selection is equivalent to increase the average SNR of the selected link.
Just like the average BER in (39), the ACT and the ACP should also take the outage between the direct link and the relay link into consideration, and they are given as
In Fig. 6 and Fig. 7 , these two metrics are investigated over different values of false alarm probability P fa and miss detection probability P md . We first fix P fa = 0.01 and let P md varies from 0 to 0.1. The figures show that the ACT and the ACP increase linearly with P md . This is obvious as the miss detection will give rise to more collision between the primary users and the secondary users. On the other hand, we then fix P md = 0.01 and let P fa varies from 0 to 0.1, and the figures show that the ACT and ACP decrease linearly with P fa . When increasing P fa , the secondary users have less chance to transmit even when the spectrum is free. In such cases, there will be no collision when the primary user returns, so increasing P fa reduces the collision between the primary users and the secondary users. In addition, P md has a greater impact on ACT and ACP than P fa does. When a miss detection happens, it certainly results into a conflict, but this is not always the case when a false alarm happens. So if we want to keep the ACT and ACP acceptable, the miss detection probability must be maintained under a tolerable level.
VII. CONCLUSION
In this paper, we have examined the impact of the primary user traffic on the BER of adaptive data transmission for the secondary user with the relay chosen based on the partial selection. Six situations of the primary-user status change have been analyzed for the relay link transmission, and two for the direct link transmission. The instantaneous BER for each situation, as well as the average BER over all possible situations, have been derived with closed-form expressions. Different relay selection schemes are compared by the numerical results, and we find that as the relay selection increases the spectral efficiency of the system, while the average BER only changes slightly within the same order of magnitude. In addition, we also find that the performance on average BER of the worse-link selection approaches to the global selection, while the better-link selection only performs as bad as the random selection when there is a great difference between 
